In this paper we compare the molecular gas depletion times and mid-plane hydrostatic pressure in turbulent, star forming disk galaxies to internal properties of these galaxies. For this analysis we use 17 galaxies from the DYNAMO sample of nearby (z ∼ 0.1) turbulent disks. We find a strong correlation, such that galaxies with lower molecular gas depletion time (t dep ) have higher gas velocity dispersion (σ). Within the scatter of our data, our observations are consistent with the prediction that t dep ∝ σ −1 made in theories of feedback regulated star formation. We also show a strong, single power-law correlation between mid-plane pressure (P) and star formation rate surface density (Σ SFR ), which extends for 6 orders of magnitude in pressure. Disk galaxies with lower pressure are found to be roughly in agreement with theoretical predictions. However, in galaxies with high pressure we find P/Σ SFR values that are significantly larger than theoretical predictions. Our observations could be explained with any of the following: (1) the correlation of Σ SFR − P is significantly sub-linear; (2) the momentum injected from star formation feedback (p * /m * ) is not a single, universal value; or (3) alternate sources of pressure support are important in gas rich disk galaxies. Finally using published survey results, we find that our results are consistent with the cosmic evolution of t dep (z) and σ(z). Our interpretation of these results is that the cosmic evolution of t dep may be regulated not just by the supply of gas, but also the internal regulation of star formation via feedback.
INTRODUCTION
The majority of star-formation in massive galaxies occurred roughly 10 billion years ago, during the epoch z ∼ 1 − 3 (Hopkins & Beacom 2006; Madau & Dickinson 2014) . There are significant differences in the gas and star formation properties in those distant galaxies, compared to local universe spirals. The molecular gas fraction increases significantly from ∼ 0 to z ∼ 3 (e.g. Tacconi et al. 2013; Combes et al. 2013) , while molecular gas depletion time, t dep ≡ M mol /SFR, has a only modest decrease from ∼2 Gyr at z ≈ 0 (Leroy et al. 2012; Bigiel et al. 2008; Rahman et al. 2012; Saintonge et al. 2011 ) to ∼ 0.3 − 0.7 Gyr at z ≈ 2 (Tacconi et al. 2013; Genzel et al. 2015; Scoville et al. 2016; Schinnerer et al. 2016; Magdis et al. 2017) .
The observed evolution of molecular gas depletion time is considerably more shallow than predictions from simulations and semi-analytic models (e.g. Davé et al. 2011; Lagos et al. 2015) . These theories assume that the depletion time is mostly regulated by available gas supply, and the cosmic evolution of the dynamical time. Alternatively, the slow evolution has been seen as evidence that local processes may determine gas depletion times (e.g Genzel et al. 2015) . Indeed, the internal properties of galaxies at higher redshift are observed to be very different. They have super-giant star forming regions (Genzel et al. 2011; Wisnioski et al. 2012; Guo et al. 2012; Fisher et al. 2017b ) and elevated gas velocity dispersions (Förster Schreiber et al. 2009; Lehnert et al. 2009; Swinbank et al. 2012; Wisnioski et al. 2015, e.g.) . Recent high-resolution observations confirm predictions (e.g. Dekel et al. 2009; Genzel et al. 2011 ) that the properties of these giant star-forming regions, so-called "clumps", are directly consistent with being the result of galaxy wide disk instabilities (Fisher et al. 2017a; White et al. 2017; DessaugesZavadsky & Adamo 2018) . We note that alternate theories do exist. For example Inoue & Yoshida (2018) argue that clumps are consistent with forming via fragmentation of spiral arms, which are likewise consistent with data.
The elevated gas velocity dispersions in gas rich galaxies are most commonly interpreted as signatures of strong, galaxy wide turbulence. Some authors have interpreted this turbulence to be driven by star formation feedback from star formation (e.g. Lehnert et al. 2013; Green et al. 2010) , however the nature of the mechanism driving this turbulence remains under debate (e.g. Krumholz & Burkhart 2016) . Ostriker et al. (2010) present a detailed model for star formation in which the vertical pressure is balanced by pressure supporting mechanisms, such as energy injected from supernovae. In this model turbulence is driven primarily by feedback from supernova explosions. Models in which star formation feedback drives turbulence (also Faucher-Giguère et al. 2013 ) predict that in marginally stable systems the depletion time is inversely dependent on the vertical velocity dispersion (σ z ). Ostriker & Shetty (2011) also predicts that the SFR surface density should be directly proportional, or at least nearly proportional (Kim et al. 2013; Shetty & Ostriker 2012) , to the mid-plane pressure of the galaxy disk. In essence the pressure from the galaxy is supported by the energy injected from feedback processes associated with star formation. If the depletion time is indeed linked to the internal kinematics this may give an explanation for the slow cosmic evolution of t dep , as it would be regulated not just by gas inflow but also by feedback processes. Krumholz et al. (2012) present an argument in which the turbulence is driven by gravitation alone. They argue that feedback is not necessary to describe the bulk properties of star formation in galaxies. Krumholz & Burkhart (2016) argue that galaxies follow a linear correlation such that SFR ∝ σ, albeit with significant scatter, which is predicted in this theory. These models predict a very different dependence of depletion time. In this case, t dep is most affected by the dynamical time of the galaxy (similar to Davé et al. 2011; Lagos et al. 2015) , and either has no dependence on velocity dispersion or a positive dependence. Different models of turbulence driving mechanisms therefore predict very different parameter dependencies with t dep .
Heretofore, these direct predictions remain difficult to test due to a lack of sufficient range in parameters. For example, σ is effectively constant across well studied samples of nearby galaxies, like THINGS . Observations of higher redshift galaxies would provide larger dynamic range in properties like mid-plane pressure, molecular gas depletion time and σ. However, with present facilities the signal-to-noise of internal properties of galaxies is low, and introduces both a significant amount of scatter to correlations, as well as a selection bias towards larger, brighter targets.
We use the DYNAMO sample (Green et al. 2010 (Green et al. , 2014 ) of rare galaxies located at z = 0.075 ∼ 0.2 that have properties very similar to turbulent, clumpy disk galaxies more commonly found at higher redshift.
Throughout this paper, we assume a concordance cosmology with H 0 = 67 km s −1 Mpc −1 , Ω M = 0.31, and Ω Λ = 0.69.
SAMPLE AND DATA SOURCES

DYNAMO Sample
The galaxies considered here are a subset of the DYNAMO survey galaxies Green et al. (2014) . DYNAMO galaxies are selected from SDSS DR4 based on high Hα line flux, while excluding AGNs from the sample. In Fig. 1 we show that the galaxies in our sample have specific star-formation rates (SFR/M * ) that range from the low-z main-sequence values to those of z ≈1-2. The sample spans M star = 0.9 − 9 × 10 10 M , SFR ∼ 1 − 60 M yr −1 and extinction A(Hα) ∼ 0.2 − 1.7 mag. Overall, galaxies similar to those in DYNAMO-HST are ex- showing that DYNAMO galaxies are more similar to z ≈ 1.5 main-sequence galaxies than local Universe ULIRGs (UltraLuminous Infrared Galaxies). DYNAMO galaxies have very high molecular gas fractions, f gas ≈ 0.2 − 0.8 White et al. 2017) , where as local Universe galaxies typically have molecular gas fractions of less than 10%. White et al. (2017) shows that unlike local Universe ULIRGs, DYNAMO galaxies have lower dust temperatures (T dust ∼ 20 − 30 K).
An important similarity of DYNAMO galaxies to z ∼ 1 − 2 main-sequence galaxies is in the kinematics. DYNAMO galaxies are rotating systems with high gas velocity dispersions, σ ∼ 20 − 100 km s −1 (Green et al. 2010 (Green et al. , 2014 Bassett et al. 2014; Bekiaris et al. 2016) . Observations with ∼100 pc resolution confirm these high dispersions are not caused by beam-smearing effects (Oliva-Altamirano et al. 2017) . Moreover, Bassett et al. (2014) show that these kinematic signatures are also observed in the stellar kinematics of DYNAMO galaxies, thus indicating it is not likely a gas disk inside of system of stars with different kinematics. Finally, Obreschkow et al. (2015) show that the angular momentum of DYNAMO galaxies is low for disks of their stellar mass, but is very similar to what has since been observed in z ≈ 1.5 main-sequence galaxies (Swinbank et al. 2017) .
Using HST Hα maps, Fisher et al. (2017b) show that DY-NAMO galaxies are "clumpy", and when DYNAMO images are degraded to match z ≈ 2 observations they meet quantified definitions of clumpy galaxies (e.g. Guo et al. 2015) . Moreover, Fisher et al. (2017a) show that those DYNAMO galaxies identified as "disks" meet detailed predictions of Toomre (1964) instability theories, whereas control galaxies identified as mergers do not. Specifically, the correlation between the size of clumps and kinematics of the disk.
Overall, the properties of DYNAMO galaxies most closely resemble galaxies at z ≈ 1 − 2. DYNAMO galaxies are therefore excellent laboratories for studying the processes in clumpy, turbulent disks with higher resolution and greater sensitivity. . SFR is plotted against stellar mass for galaxies in our sample. The color of data points indicates the data type used to determine the SFR and the gas mass. We also plot as dashed lined the main-sequence of galaxies at three different redshifts, z = 0.1, 1, 2. Main-sequence values are taken from Speagle et al. (2014) . DY-NAMO galaxies span the range in SFR-M * from z > 0.1 to z ≤ 2.
In this analysis we only include targets that are identified as "disk galaxies". We use the same criteria as described in Fisher et al. (2017b) that disk galaxies show both rotating ionized gas in 2-D velocity fields and are well fit by an exponentially decaying surface brightness profile. For surface photometry we use the FR647M continuum images for galaxies imaged with HST and the 1.9 µm continuum for galaxies observed with OSIRIS. For the galaxy G10-1 we use 500 nm continuum from GMOS for the stellar surface brightness profile, this has 1.2 kpc resolution. Galaxies G03-2, D00-2 and C14-2 only have SDSS imaging to measure the stellar surface brightness profile, which is considerably poorer resolution. However, all three of these galaxies have measured dust temperatures from Herschel data of 20-30 K (White et al. 2017) , which strengthens the case that they are disk-like systems rather than major-mergers. These 3 targets are plotted as different color points in all results figures. As discussed in Fisher et al. (2017b) galaxies H10-2 and G13-1 do not meet the criteria of disks, and from Oliva-Altamirano et al. (2017) galaxy E23-1 does not meet this definition of a disk galaxy.
For our analysis we make observations to measure molecular gas masses, ionized gas maps with ∼ 100 pc resolution, and kinematics of ionized gas. We present gas masses and kinematics on 17 DYNAMO galaxies, and we obtain ionized gas maps for 13 targets. All of these methods are well tested and have been used on the DYNAMO sample in previously published works. Here we summarize the basics of each.
Gas Masses
We compile CO(1-0) observations from Fisher et al. (2014) and White et al. (2017) using PdBI and NOEMA, respectively, with new NOEMA observations. New NOEMA observations were made during the period May-December 2016, with observing programs S16CK and W16BK (PI:Fisher). We use the same observational method and similar measurement techniques as was previously published in Fisher et al. (2014) and White et al. (2017) . Similar to previous observations (Fisher et al. 2013; White et al. 2017) all observations were made with the WIDEX correlator. These observations comprise 6 of the targets listed in Table 1 .
Typical integration times were 1 ∼ 2 hours in C or D configurations. The correlator was tuned to observe the redshifted CO(1-0) emission line in each target. This yielded an on-sky frequency of 97-107 GHz for targets ranging in redshifts from 0.18 to 0.07. These observations were then calibrated using standard GILDAS routines in CLIC, and then cleaned with the MAPPING pipeline routine during an on-site visit to IRAM. Observations were reduced with the default channel width of 20 km s −1 , and then binned to 50 km s −1 yielding cubes with typical RMS∼ 2 − 3 mJy. Final flux uncertainties for each target are given in Table 3 .
Our targets are unresolved in these PdBI and NOEMA observations. Two of the sources (D 20-1 and C22-2) have particularly elongated beams. However, these do not significantly affect the measurement of the flux. We have overlaid the beam shape and size on SDSS r-band images and checked each source for possible contamination from other sources. The only source with an additional source in the beam area is G20-2, which contains a point source representing less than 1% of the flux of G20-2 in the FR647M HST continuum image, but is barely detectable in Hα. It is, therefore, not likely this is changing the CO flux by a significant amount.
The spectrum for each target is measured in a polygon region containing the galaxy. These spectra are shown in in the Appendix. Fluxes are obtained by binning the data into 50 km s −1 channels, and then integrating the resulting spectrum. The choice in range of channels to integrate over is made by starting at the redshifted frequency of the CO(1-0) line and summing all adjacent channels that are above the noise limit. The total line-widths of our targets are typically 300-400 km s −1 . Noise levels for the observations ranged 0.5-1.0 mJy. We also consider that the choice in how measure flux may affect the final value. We therefore also measure flux by fitting a single component Gaussian function to the data, as well as measuring the flux in 20 km s −1 channels. We take the standard-deviation of the 4 different fluxes for each target and add this in quadrature with the noise in the spectrum to estimate the measurement uncertainty of flux. This value is shown in each spectrum in the Appendix. The range of signal-to-noise for new NOEMA observations was S/N = 10 − 22. Observational details of CO detections are listed in Table 3 . The CO(1-0) flux is converted to molecular gas mass (M mol ) in the usual fashion, in which M mol = α CO L CO , where L CO is the luminosity of CO(1-0), and α CO is the CO-to-H 2 conversion factor, including a 1.36× correction for heavier molecules. We adopted the standard value α CO = 4.36. We have made multiple efforts to determine the most appropriate value of α CO . First, based on SDSS spectra DYNAMO galaxies have slightly sub-solar metallicity. Recently, White et al. (2017) study the dust temperature for a set of DY-NAMO galaxies, including several in this work. They find that DYNAMO galaxies have low dust temperatures, T dust ∼ 20 − 30 K, implying Milky Way like conversion factors (as reviewed in Bolatto et al. 2013) . Moreover, of the few galaxies that have both dust SED and CO(1-0) observations the estimated gas masses agree to ∼25%. Finally, Fisher et al. (2014) uses the formula from ) which estimates α CO via the baryonic surface density, and found a results consistent with the Milky Way value.
We also include 3 targets from White et al. (2017) for which the gas mass is determined from Herschel observations. Here we estimate the dust mass by fitting black-body models to the infrared spectral energy distribution, and then converted to molecular gas mass by assuming a constant dust-to-gas ratio, similar to other works (e.g. Genzel et al. 2015) . Fisher et al. (2017b) presents 10 HST Hα maps of DY-NAMO galaxies, using ramp filters FR716N and FR782N using the Wide Field Camera on the Advanced Camera for Surveys (WFC/ACS) on the Hubble Space Telescope (HST; PID 12977, PI Damjanov). Integration times were 45 min in the narrow band filter and 15 min with the continuum filter. All images were reduced using the standard HST pipeline. We correct the fluxes measured in the image using a an [NII]/Hα ratio determined from the SDSS spectrum for each target. Seven of the the DYNAMO-HST sample galaxies also have CO(1-0) fluxes and are included here. A detailed description of the observations, continuum subtraction and clump measurement is given in Fisher et al. (2017b) . The typical resolution of DYNAMO-HST observations is 60-150 pc.
Star Formation Rates
We also observed 5 galaxies with Pa α emission line observed with Keck OSIRIS (Larkin et al. 2006) . Our targets were observed with the laser guide star system with exposure times of 4×900 s, achieving resolution of 150-400 pc. We use the OSIRIS data reduction pipeline version 2.3. To flux-calibrate the OSIRIS spectra, we use the telluric stars observed each night (an average of 3 telluric stars per night). Our method corresponds to a first order flux calibration consistent with the 2MASS magnitudes within ∼20%. Detailed descriptions of both observation and reduction of OSIRIS data cubes is given in Bassett et al. (2017) and OlivaAltamirano et al. (2017) .
Star formation rates are calculated from the emission line flux using the extinction-corrected Hα line luminosity by assuming star formation rate [M yr et al. 2011) . We calculate the intrinsic Hα extinction using the Hα and Hβ line ratios from SDSS spectrum. For those targets with OSIRIS data we divide the Pa α luminosity by the intrinsic luminosity ratio, L Pa α /L Hα = 0.128 (Calzetti 2001) . Using Hα fluxes from Green et al. (2017) we find that SFR Hα − SFR Paα ≈ ±2.5 M yr −1 . Three galaxies in our sample have neither HST nor OSIRIS data. For these we use the published Hα emission line fluxes measured from AAT/SPIRAL and AAT/WiFES (Green et al. 2017 ).
Kinematics
Data cubes containing intensity, velocity dispersion and rotation velocity of each galaxy are extracted from the data by fitting Gaussian functions with PSF convolution to emission lines in individual spaxels. These are then fit with kinematic models by method of least-squares using the GPU based software gbkfit (see Bekiaris et al. 2016) . Inclination is taken from photometry. We model the rotation velocity, v rot , with the function (Boissier et al. 2003) v rot (r) = v f lat 1 − exp(−r/r f lat ) .
(
The software then returns v f lat and r f lat . The fit to the data cubes also includes an intrinsic component of velocity dispersion, σ. In the model the velocity dispersion is assumed to be constant across the disk. Fitting the velocity dispersion simultaneously in the model allows for accounting of the beam smearing in the data (Davies et al. 2011) , as well as inclination. This flat velocity dispersion profile makes a necessary assumption that the galaxy is a disk, and further requires our effort to exclude mergers as described above.
An alternative approach to modeling velocity dispersions is to make a weighted average of the velocity dispersion in the region of the galaxy that also shows a flat rotation curve. Oliva-Altamirano et al. (2017) investigates both methods with DYNAMO galaxies. They generate model galaxies designed to match clumpy DYNAMO disks. Then fit these with both gbkfit as well as straightforward averages. They find that both methods recover similar values for velocity dispersion, with modeling being slightly more stable as it intrinsically accounts for rising dispersion in galaxy centers. On average the models and average methods have a difference of σ ave − σ model 5 km s −1 , which is consistent with our error bars.
The data sources for both σ and V include AAT/WiFES Hα observations (Green et al. 2014) , Keck OSIRIS observations of Pa α (Oliva-Altamirano et al. 2017), and Gemini GMOS observations of Hα and Hβ (Bassett et al. 2014; Fisher et al. 2017a) . For a more detailed description of Gemini observations see Bassett et al. (2014) . In those cases in which multiple observations are made on a single target we preference first the GMOS observations, as this data set offers both deep high S/N observations and sub-kpc resolution, then OSIRIS observations due to the high resolution, then AAT observations. The kinematic parameters we use here, derived from the three separate data sets are found to generally agree on the order of the uncertainties, ∼ ±5 − 10km s −1 (Bekiaris et al. 2016; Bassett et al. 2014; Oliva-Altamirano et al. 2017 ).
MOLECULAR GAS DEPLETION TIME IN
TURBULENT DISKS
In our sample we find a range of t dep = 0.3 − 1.6 Gyr, with the average for our sample at 1 Gyr. This range in t dep was the intended effect of targeting galaxies with a range in SFR/M, as shown in Fig −0.53±0.14 with Pearson's correlation coefficient of r = −0.6. This correlation has also been observed in high redshift galaxies (e.g. Tacconi et al. 2017 ). This continues to motivate our treatment of this DYNAMO sample as well representing the properties of actively star forming galaxies.
Relationship with Gas Velocity Dispersion
In Fig. 2 we compare t dep to velocity dispersion of ionized gas(σ). For reference, Wisnioski et al. (2015) finds that σ gas increases from ∼ 10 − 20 km s −1 in the local Universe to σ > 30 km s −1 at z > 1. In our sample, all galaxies with t dep < 1 Gyr have σ > 40 km s −1 . Considering our entire DYNAMO data set we find a strong, inverse relationship between the molecular gas depletion time and the gas velocity dispersion, with Pearson's corre- Figure 2. The relationship between galaxy depletion time, and internal gas velocity dispersion is shown. Symbol colors represent the source of data as described in Fig. 1 . The grey region indicates the 1σ scatter around the best-fit relation. The dashed line represents the prediction from multi-free fall, turbulence models (Salim et al. 2015) . The dotted line indicates the prediction from feedback driven models (e.g. Ostriker et al. 2010 ). Indeed we observe a strong negative correlation between t dep and σgas.
lation coefficient of r = −0.8 and p-value of 8.7 × 10 −5 . The best fit relationship for these quantities is
where t dep is in Gyr and σ is in km s −1 . The vertical scatter around this correlation is 0.12 Gyr. We note in our data set this correlation has less scatter, and a stronger correlation coefficient than that of t dep and SFR/M * .
To investigate how much the correlation depends on the galaxy with the largest velocity dispersion/shortest depletion timescale (G20-2), we remove it from the sample and recompute r and p. It is possible that this galaxy is at the least affecting the power-law of the correlation to some degree. We therefore refit the data excluding galaxy G20-2. We still find a strong, inverse correlation for the data set that excludes this target, with Pearson's correlation coefficient r = −0.78 and pvalue of 4.7 × 10 −4 . The best fit quantities for this subset of the data that does not include G20 − 2 is log(t dep ) = −1.04 ± 0.20 × log(σ) + 1.71 ± 0.33.
To be clear the exclusion of G20-2 is a completely ad hoc treatment. We do not observe any special features of this target that lead us to believe it is any more peculiar than the other DYNAMO galaxies. Fisher et al. (2017b) presents both the Hα map and 600 nm continuum surface brightness profile of all DYNAMO galaxies, and G20-2 does not have significant asymmetries, aside from the presence of clumps. Moreover, there are no detectable companion galaxies in the HST images. We do note that G20-2 has a very prominent ring with radius ∼1 kpc. This may be driving a higher star formation efficiency or larger σ when compared to other DY-NAMO galaxies. However, G04-1 and D13-5 both have rings as well, albeit less prominent than that of G20-2. We note that in Fig. 4 of this work we will find that G20-2 is not an out-lier.
As discussed in Robotham & Obreschkow (2015) the maximum likelihood fitting technique provides a robust treatment of uncertainties. Nonetheless, we also consider ordinary least squares (OLS) bisector fits to the data. We do this to ensure that our fitting method is not somehow biasing the result. Also, OLS techniques have been in use for a much longer time (Isobe et al. 1990) , allowing for standard comparison with previous work. We find that a fit to all our data recovers an OLS bisector of t dep ∝ σ −1.30±0.18 and the fit to the data set in which G20-2 is omitted recovers an OLS bisector of t dep ∝ σ −1.03±0.19 . These different fitting methods, therefore, yield results that are within uncertainties of each other.
The error bars in Fig. 2 are representative of the measurement uncertainties propagated through to the physical quantities. In the case of depletion time, however, it is likely that the systematic uncertainty is somewhat larger. The systematic uncertainty on t dep could be as high as a factor of 2 for any single object (eg. Bolatto et al. 2013) . To determine the impact of this on the robustness of the correlation in Fig. 2 we carry out a simple bootstrap experiment. We randomly modify the log(t dep ) values to scatter around each point within a Gaussian distribution with σ gauss = 0.15 dex. We ran 1000 iterations, determining the correlation coefficient and p-value of each realization. We find that the median correlation coefficient is r = −0.63 with a standard deviation of 0.11, and the median p = 0.006 with standard deviation of 0.04. We rerun this with more pessimistic assumption of a flat distribution with width of ±0.15 dex, and find similar median correlation coefficient of r = −0.6 and p-value still indicating a strong correlation, with median p = 0.01. Removing G20-2 from the fit reduces the robustness of the correlation, but with r = −0.53 and p = 0.03 the data still represents a high probability of correlation. Therefore, the correlation we observe in Fig. 2 appears to be robust against the systematic uncertainties on the depletion time.
As we state above, exclusion of G20-2 in the fitted sample only marginally affects the robustness of the fit, measured either by Pearson's r or the p-value. Both sample choices satisfy definitions of "strong correlation" based on these statistical metrics. However, inclusion (or exclusion) of G20-2 does have a significant impact on the power-law in the correlation between t dep and σ. Future samples that contain more galaxies with t dep 0.5 Gyr would be helpful to further constrain the exact value of the power-law. With our current sample there appears to be enough evidence to support a statistically significant inverse correlation between t dep and σ, with power-law ranging between σ −1 and σ −1.4 . We will therefore consider predictions within this range consistent with our data set.
We note that the systematic observational effect of increased velocity dispersion on α CO should result in the opposite trend. If the velocity dispersion of gas is increased by components other than internal cloud properties, then the effect is a systematic increase in observed CO luminosity (see discussion in Bolatto et al. 2013 ). This would increase the observed t dep in galaxies with larger σ. Our observations of the opposite trend in Fig. 2 , then implies this correlation is likely physical, and may even be steeper than our observations if considers variations in α CO .
Before we compare our observational results to predictions from theory we point out an important assumption. Our measurement of velocity dispersion relies on ionized gas velocity dispersion maps, whereas theoretical predictions refer total gas or molecular gas velocity dispersions. Ionized gas velocity dispersions includes broadening due to thermal broadening. For a gas of 10 4 K this broadening amounts to σ br ≈ 10 km s −1 , and is added in quadrature with the linewidth due to the motion of gas, such that the observed velocity dispersion is σ 2 obs ≈ σ 2 gas + σ 2 br . For galaxy samples with lower measured velocity dispersions, such as in dwarf galaxies (as shown in Moiseev et al. 2015) this can be a significant contribution, however, our observed velocity dispersions range from 26 to 81 km s −1 . Thermal broadening will at most contribute 1-2 km s −1 . Levy et al. (2018) find in nearby spiral galaxies that ionized gas gives systematically lower rotation velocities than molecular gas. They argue that this is because in low-z spiral molecular gas is in a thin disk, where the ionized gas traces a thicker, more turbulent component. However, it is not clear if the same result holds for galaxies, like DYNAMO and z=1-2 main-sequence galaxies, that have significantly higher surface densities of gas and star formation. White et al. (2017) argues that for systems in dynamical equilibrium, which have large gas mass surface densities, the bulk of the gas will naturally have higher scale heights, which they show are well represented by the velocity dispersions measured with ionized gas in DYNAMO galaxies. Ultimately this field would significantly benefit from direct comparisons of ionized and molecular gas kinematics in gas rich, turbulent disks, such studies are at present sparse. Recent work by Übler et al. (2018) compares ionized gas and molecular gas kinematics in a single star forming disk galaxy at z=1.4. They find that the kinematics, both rotation and velocity dispersion, for the two tracers agree well, within 1-5 km s −1 . More work on this comparison would certainly be welcome, nonetheless, the evidence thus far seems to suggest that at high SFR and high σ ion the ionized gas is a good tracer of the gas kinematics. We therefore make the same assumption that as other studies (e.g. Förster Schreiber et al. 2009; Lehnert et al. 2009; Green et al. 2010; Genzel et al. 2011; Wisnioski et al. 2015; Krumholz & Burkhart 2016 ) that for our sample σ ion ≈ σ gas .
Theories of the ISM that incorporate feedback from star formation predict coupling of t dep and σ that is similar to our observations (Ostriker et al. 2010; Shetty & Ostriker 2012; Faucher-Giguère et al. 2013; Krumholz et al. 2017) . In all of these theoretical derivations it is shown that in the limit of marginal stability the turbulent velocity has a linear relationship with the star formation efficiency. If we assume that in our targets the ionized gas velocity dispersion is mostly driven by turbulence, then these models predict t dep ∝ σ −1 . This is represented as a dotted line Fig. 2 , and is consistent with our data, assuming an arbitrary scale factor. In subsequent a section we will return to the topic of the scale-factor in the σ − t dep correlation in light of results presented there. Salim et al. (2015) derive a star formation law using a multi-freefall prescription of the gas (see also Federrath & Klessen 2012) . They predict that star formation efficiencies will depend on both the probability density distribution and the sonic Mach number of the turbulence. In the limit that the virial parameter is not significantly variable, the Mach number is directly proportional to the velocity dispersion. These models then predict t dep ∝ σ −4/3 , which is shown as a dashed line in Fig. 2 . The prediction based on the multi-freefall model is almost exactly the same as our best fit relation to our entire data set, t dep ∝ σ −1.39 . In the comparison of both the theories of feedback regulates star formation and the multi-free fall model one must consider the variation the free-fall time, t f f . A relationship between σ and t dep in star formation theory can be taken from Shetty & Ostriker (2012) Equation 20 , which states that σ ∝ (t f f /t dep )(p * /m * ). Therefore, our interpretation of Fig. 2 assumes that t f f varies less than t dep and σ. Similarly, with the results of Salim et al. (2015) , the simple relationship t dep ∝ σ −3/4 can only be derived by assuming that one can neglect variation in t f f .
For the sample of galaxies in Fig. 2 the we expect that there significant variation in the galaxy averaged free fall time is unlikely. We expect that t f f ∝ 1/ √ ρ (Krumholz & McKee 2005) ; where ρ is the volume density. We can estimate the variation in ρ using the parameters Σ gas /h z , where h z is the gas scale-height. For galaxies with longer t dep ∼ 1 − 2 Gyr the typical surface density in our sample is 10-50 M pc −2 . We surmise that these lower σ galaxies likely have a disk thickness that is similar to the Milky Way, of order ∼100 pc. For a clumpy galaxy with lower t dep and higher σ the gas surface density is typically 100-1000 M pc −2 . For these we assume a disk thickness that is similar to z ∼ 1 edge-on galaxies of 500-1000 pc (Elmegreen et al. 2005) . Bassett et al. (2014) also presents a discussion of two DYNAMO disk thicknesses based on kinematics of stars and gas; they conclude that h z is in the range 400-1000 pc. Even though the galaxies in the bottom left portion of Fig. 2 have higher surface densities, they are also thicker, and therefore the value of 1/ Σ gas /h z will not change much across the sample in Fig. 2 . This is consistent with the results of Krumholz et al. (2012) , who find that the distributions of free-fall times of "high-z disks" and "z=0 spirals" overlap. Moreover, any variance in t f f over this small dynamic range is likely to be significantly affected by stochastic scatter. However, if we extended our sample either to very lower surface density disks or perhaps very extreme star-bursting disks at z ∼ 4 this assumption that t f f does not significantly vary may not be as valid. We note that there is significant uncertainty on the scale-height of the molecular disk in gas-rich disk galaxies, and more work needs to be undertaken to study this important quantity. We also note that these are galaxy-averaged quantities. It is very likely that measurements at the scale of individual molecular clouds have increased scatter, and perhaps a different parameter dependency due to the more significant variation of the free-fall time.
Dynamical Time
A number of theories and semi-analytic models suggest that the gas depletion time should be directly connected to the dynamical time, t dyn = 2πR disk /V f lat , of the galaxy (e.g. Davé et al. 2011; Krumholz et al. 2012 ). These models are motivated by the well-known relationship Σ SFR ∝ Σ gas /t dyn observed in nearby galaxies (Kennicutt 1998) . Krumholz et al. (2012) argues that in the "Toomre regime", in which galaxies have high gas fractions and show marginal stability, the local star forming region is not able to decouple from the ambient gas in the galaxy. From this concept they then derive a positive, linear correlation between t dyn and t dep .
In Fig. 3 we show the relationship between depletion time and the galaxy dynamical time for galaxies in our sample. The depletion time does have some dependency on t dyn in that galaxies with t dep 1 Gyr always have low t dyn . Effort to fit a correlation returns a very weak, high scatter relationship, with Pearson's correlation coefficient of r = 0.3 and p-value for this data set is 0.2. The best fit relationship for our data set is log(t dep ) = 0.44 ± 0.24 log(t dyn ) − 0.44 ± 0.23.
This is significantly more shallow than the prediction for gravity driven turbulence . We find no correlation at all between t dep and the product of Q × t dyn , which is also predicted in the gravity-only theory. We find that using the same bootstrap method as used to analyze Fig. 2 , to account for systematic uncertainty in t dep , results in a median correlation coefficient of r=0.25 with standard deviation of 0.16, the median p-value is 0.3. These values indicate a very low probability of a correlation between t dep and t dyn in our data set.
EFFECT OF EXTREME PRESSURE ON STAR FORMATION IN TURBULENT DISKS
Motivated by the qualitative success of feedback regulated star formation models in describing the relationship between t dep and σ, we now consider a fundamental prediction of those same models, the relationship between Σ SFR and midplane hydrostatic pressure, P. Theories describing the formation of compact star clusters in very high pressures have been in development for some time (Elmegreen 1989; Elmegreen & Efremov 1997) , and observations of gas-rich, star forming disk galaxies suggests pressures can become very high compared to low-z spirals (Swinbank et al. 2011) .
It is proposed in a number of models that star formation in disk galaxies is a self-regulating process, in which the pressure of the system is balanced by the feedback processes as- 
Estimating the Total Mid-Plane Pressure
In this work we use the following formula from Elmegreen (1989) to estimate the mid-plane hydrostatic pressure within our galaxies,
Σ gas and Σ * represent the gas and stellar mass surface densities, and similarly σ and σ * represent velocity dispersions of the gas and stars.
In the Appendix we outline our method to measure or estimate each of these parameters described in Equation 5, as well as discuss in detail the impact of the uncertainty in each parameter on the pressure. We briefly summarize our main sources of uncertainty here. We also note that Equation 5 was originally developed to describe sub-galactic measurements of the ISM. Our use of it here requires the assumption that the ensemble averages of the galaxy are reflective of local values, though systematic biases may exist.
The largest source of uncertainty in pressure comes from our use of unresolved CO flux measurements. To calculate Σ gas we assume that the size of the ionized gas disk is equivalent to the size of the molecular gas disk. This assumption is consistent with observations of high-z galaxies (Tacconi et al. 2013; Hodge et al. 2015; Bolatto et al. 2015; DessaugesZavadsky et al. 2015) with an uncertainty of 20-50%. However, we also consider the possibility that the molecular disk is as large as our unresolved CO measurement. This reduces the pressure by a factor of ∼4 in most targets, and is reflected in the error-bars of Fig. 4 . We also consider the uncertainty introduced from different assumptions of the atomic hydrogen surface density. We find this only has a significant impact on the 2 lowest pressure systems, and is likewise reflected in the error bars. For more information on these uncertainties see the Appendix.
To increase sampling at low pressures, we combine our sample set here with the observations of the THINGS sample ), using derived measurements from Leroy et al. (2008) to calculate Σ SFR and P. The combined data set spans nearly 6 orders-of-magnitude in mid-plane pressure and 4 orders-of-magnitude in Σ SFR . We note there are important differences between the THINGS and DYNAMO measurements of pressure. The THINGS sample has measured values of both molecular and atomic gas mass surface density, where the DYNAMO sample only has observations of molecular gas mass and atomic gas mass surface density is adopted. This is likely important at lower pressure where the ratio of molecular-to-atomic gas mass surface density is lower. Alternatively, THINGS galaxies do not have measurements of ionized gas velocity dispersions. Leroy et al. (2008) adopts σ ≈ 11 km s −1 as being consistent with their measurements of atomic gas. These considerations are discussed in more detail in the Appendix. We have five DYNAMO galaxies that overlap the range in derived pressure and Σ SFR with those of the THINGS galaxies. We find the two samples to have similar values of Σ SFR /P.
For DYNAMO galaxies we find very high values of P/k compared to local spirals like the Milky Way, reaching as much as 10 5 times higher than the pressure in the Milky Way. Figure 4 . The above figure compares SFR surface density to midplane hydrostatic pressure. The DYNAMO galaxies are labeled according to data source as described in Fig. 1 . In this figure we also include measurements from Leroy et al. (2008) using THINGS data. The dashed line represents the theoretical prediction. We find a strong, sub-linear relationship spanning 4-5 orders of magnitude inn both ΣSFR and pressure.
This is similar to the pressure of the z ∼ 2 galaxy observed in Swinbank et al. (2011) . DYNAMO galaxies have both significantly higher gas masses and smaller sizes compared to Milky Way-like spirals. These differences lead to greater surface densities, which then create very high pressures that we observe. In almost all galaxies the "stellar term" of the pressure, (σ/σ * )Σ * dominates over the "gas term", Σ g . This is notable as the gas fractions of DYNAMO galaxies are very high, f gas ∼ 20 − 60%. Even in this sample of gas-rich galaxies we find that on average P star /P gas ≈ 2.3 ± 1.1. We note that this is a prediction of feedback-regulated star formation, that even in gas rich systems the stars contribute a very important component to the pressure (Ostriker & Shetty 2011 ). We will return to this subject in our discussion of dynamical equilibrium pressure.
Balance of Star Formation and Pressure in Gas Rich Disks
In Fig. 4 we compare the mid-plane hydrostatic pressure P, as described in Equation 5 with the star formation rate surface density. We find that a single correlation describes this data well, over 6 orders-of-magnitude in pressure. The best fit relation is log(Σ SFR ) = (0.76 ± 0.06) log(P/k B ) − 5.89 ± 0.35. (6) Where Σ SFR is in units of M yr −1 kpc −2 , and P/k B is in units of cm −3 K. The 1 σ vertical scatter around this relationship is represented as the shaded grey region in Fig. 4 .
It is predicted that Σ SFR = 4(p * /m * ) −1 P N tot , where the power-law index N is expected to be close to unity (e.g. Shetty & Ostriker 2012; Kim et al. 2013) . Our correlation in Fig. 4 is then qualitatively consistent with the prediction of a strong, positive relationship between these two quantities.
The power-law slope we observe in Fig. 4 is significantly below unity, which is different than the predictions described above (shown as the dashed line in the figure) . In simulations by Kim et al. (2013) the measured power-law is slightly steeper than linear. In a subsequent section of this paper we discuss three possible options to explain this discrepancy: (1) That the relationship between pressure and Σ SFR is truly nonlinear; (2) that the scale-factor p * /m * is non-universal and increases for gas-rich, high pressure disks; and/or (3) that alternate mechanisms, such as mass-transport within a disk, also provide pressure support.
It is important to note that both systematic and observational uncertainties in the calculation of P/k and Σ SFR can affect these results at the factor of a few level. For example, to calculate mass surface density we estimate the size of the disk as R disk = 2 R 1/2 . However, since pressure scales as mass surface density squared, adopting a different characteristic radius of the galaxy would alter pressure more than Σ SFR . The median value for these low pressure systems is P/Σ SFR ≈ 9 × 10 3 km s −1 , which is only a factor of a few higher than the theoretical prediction, and as shown in Fig. 4 the predicted value falls within the scatter of low pressure systems. Considering this we therefore conclude that for disks with lower values of pressure (P/k < 10 6 cm −3 K) the data are within uncertainty of the predictions from the models. This is to say that our data suggests that local Universe spirals are consistent with theoretical predictions of Σ SFR − P from feedback regulated star formation models. This is similar to the results of Herrera-Camus et al. (2017) who find that KINGFISH galaxies, with P/k ∼ 10 3 .5 − 10 4 .5 are consistent with predictions from Kim et al. (2013) .
High pressure systems, P/k > 10 6 cm −3 K, however, do not appear to be reconcilable with even generous estimations of the uncertainties. If we consider only those systems with P/k > 10 6 cm −3 K, we find an average value of < P/Σ SFR >≈ 4.4 × 10 4 km s −1 . This is more than an orderof-magnitude larger than the theoretical prediction, as shown in Fig. 4 .
In light of these high values of P/Σ SFR in DYNAMO galaxies, we now consider the zero-point in Fig. 2 . We can compare the scale-factor in Fig. 2 to that of Fig. 4 by solving each theoretical prediction for p * /m * . Shetty & Ostriker (2012) predict that σ ≈ 0.366(t f f /t dep )(p * /m * ), where t f f is the free-fall time. Note this is adopted from Equation 20 of Shetty & Ostriker (2012) . The estimate using t dep and σ does not require all of the assumptions that go into measurement of galaxy pressure (described in detail in the Appendix), most notably galaxy sizes are not used in this case. However, this derivation depends on an assumption of the free-fall time, which introduces a source of uncertainty. Nonetheless, we can think of this method of deriving the scale-factor as a semi-independent check. The freefall time of a cloud will depend on the inverse square root of the local gas density . For a gasrich, turbulent disk Krumholz et al. (2012) suggests values of t f f ≈ 1 − 10 Myr. Using this range we derive values of p * /m * ≈ 10 4 − 10 6 km s −1 for DYNAMO galaxies, which is consistent with our estimate from P/Σ SFR . We find that for individual galaxies there is a high-scatter correlation consistent correlation that finds on average the values of p * /m * derived from the two methods are in agreement.
We caution that it is not necessarily the case that P/Σ SFR is a unique, robust tracer of the true physical balance of these quantities over the entire range of galaxies. That is to say, systematic uncertainties could affect this correlation at some level. Most notably, the CO-to-H 2 conversion factor could be a function of pressure (Narayanan et al. 2011 ).
Dynamical Equilibrium Pressure
We also consider the "dynamical equilibrium pressure" as described in Kim et al. (2011) ,
where ρ SD is the total mid-plane density, including dark matter and stars, as defined in Ostriker & Shetty (2011) . The total mid-plane density
The quantity h z is the disk thickness; we describe how we calculate it Appendix. As described before we make the simplifying assumption that in galaxies with high gas velocity dispersion, like the DYNAMO sample, the velocity dispersion measured from ionised gas is a good representation of σ for the total gas. The dynamical equilibrium pressure is an alternate description of the pressure, under the assumption that the system has evolved to its equilibrium state in which pressure balances the feedback mechanism.
An interesting feature of representing pressure as done in Equation 7 is that this directly ties the result in Fig. 2 to the effect of increasing pressure. We note again that this is under the assumption that σ z ≈ σ los . If vertical dynamical equilibrium in a disk is satisfied then Ostriker et al. (2010) predicts that P ∝ Σ √ ρ SD , and also as discussed above Σ SFR ∝ P DE .
Therefore in order for both a linear (or nearly linear) relationship between pressure and also t dep ∝ 1/σ to both hold the stellar gravity term (σ √ 2Gρ SD ) from Equation 7 must dominate over the gas gravity term (πGΣ/2). Therefore a direct prediction of the feedback-regulated theory of star formation in star-bursting disk galaxies, which we can test with our data, is that πGΣ/2 < σ √ 2Gρ SD . We find that for all galaxies in the DYNAMO sample the stellar gravity term dominates over the gas term. We find that on average the ratio of star-to-gas terms is ∼7. The lowest values of starto-gas terms are in systems with, as one would expect, larger gas fractions, M mol /M dyn ∼ 30 − 80%, however the ratio remains above one reaching down to as low as ∼3 for galaxies in our sample.
DISCUSSION OF RESULTS
Inverse Correlation of t dep and σ
In Fig. 2 we show a strong correlation (r ≈ −0.8 and p-value=10 −4 ) between the molecular gas depletion time and velocity dispersion of the ionized gas, such that t dep ∝ σ −1.39±0.23 . We have tested this correlation against the systematic uncertainties introduced from the scaling of both ionized gas emission lines to star formation rates as well as converting CO(1-0) line flux to molecular gas mass. We find the correlation in our sample to be robust. Indeed we find that t dep correlates more strongly with σ than any other parameter we compared it to (e.g. SFR/M, Σ SFR , t dyn , Σ star ).
The inverse correlation between t dep and σ seems inconsistent with predictions in which the turbulence is driven only by gravity, that do not incorporate more complex treatments of turbulence (e.g. Federrath & Klessen 2012) . Krumholz et al. (2012) , in their Equation 18, determine that for a system in which the turbulence is driven exclusively by gravity the t dep ∝ Qt dyn , where Q is Toomre's stability parameter and t dyn is the dynamical time of the galaxy. The depletion time of marginally stable disks, such as our sample, is therefore predicted to mostly be driven by the dynamical time, however our data set does not support a strong correlation between t dyn and t dep . We note the caveat that though there is very little evidence to support a galaxy averaged relationship between t dep and t dyn , Krumholz et al. (2012) suggest that a local relationship may be stronger (where t dep and t dyn are measured in radial bins). This is not possible to measure with our current data set; resolved observations of CO in turbulent disks would be very helpful to this end.
Theories in which turbulence is driven by feedback (e.g. Ostriker & Shetty 2011; Shetty & Ostriker 2012; FaucherGiguère et al. 2013) , however, predict an inverse relationship t dep ∝ σ −1 . As we show in Fig. 2 , this power-law slope is consistent with our observations. Using a multi-freefall time-scale prescription for the gas also agree with our results (Federrath & Klessen 2012; Salim et al. 2015) . The critical parameters in these models include the probability density function, and sonic Mach number of the gas. These models are not necessarily inconsistent with feedback driven models, in that feedback could still drive the compressive form of turbulence, which then produces a different distribution of freefall times.
Possible Implications for Cosmic Evolution of t dep
The results we find in this paper may shed some light on the observed shallow evolution of depletion time with redshift (Genzel et al. 2015; Scoville et al. 2016; Schinnerer In the above figure we consider the very simple toy-model in which the redshift evolution of the depletion time is a function of the cosmic evolution of the velocity dispersion. The blue shaded region represents depletion times as determined from a σ −1 dependency, similar to that found in Fig. 2 . The values of σ(z) are taken from Wisnioski et al. (2015) . The dashed line represents the expected evolution if t dep is determined only by the dynamical time. The red shaded region represents the cosmic evolution of depletion time from the composite data set of Tacconi et al. (2017) . This simple model is a good match to observations at z > 1. Tacconi et al. 2017) . Theories that drive gas depletion time via the cosmic evolution of the dynamical time predict an order of magnitude decrease in t dep . However, recent observations of high-redshift galaxies find that depletion times drop by a factor of 2-5 from z = 0 to z = 4. As we have discussed above in the theory of feedback regulated star formation a lower gas depletion time is natural in systems that have both high pressure and high internal velocity dispersion.
In Fig. 5 we compare the observed cosmic evolution of molecular gas depletion time to the prediction based on a simple model using a t dep ∝ σ −1 dependency set to match our observations in Fig. 2 . Wisnioski et al. (2015) presents the gas velocity dispersion, from emission lines, over a range in redshift z ∼ 0 − 3.5. We use the average cosmic evolution of σ(z), from Wisnioski et al. (2015) , to determine t dep (σ) as a function of redshift. The observed cosmic evolution of t dep is from the empirical fit to the main-sequence evolution of the composite data set of Tacconi et al. (2017) . The predicted values of t dep agree with observation for z > 1. This implies first that our results likely hold on high-z galaxies, at least in a bulk sense. Moreover, this may imply that star formation efficiencies at high-redshift are not only regulated by the availability of gas, but also by the feedback within the disk.
At z ∼ 0 our simple model over-predicts the data by a factor of 2-3. This is not at all surprising. Many of the assumptions that go into our analysis are not valid for low-z spirals. (We remind the reader that DYNAMO galaxies are atypical galaxies for the low-z Universe.) First, unlike our galaxies the velocity dispersion for typical low-z spirals is quite low (σ < 20 km s −1 ). As we discuss above ionized gas measurements are more significantly affected by thermal broadening at low dispersion, and ionized gas in more typical, low SFR low-z spirals may overestimate the true gas velocity dispersion. Also, at z ∼ 0 the gas almost certainty becomes far more dominated by the atomic component than in z > 1 galaxies (Obreschkow & Rawlings 2009 ).
In Fig. 5 we also show the expected evolution of the depletion time if it were exclusively a function of the dynamical time, t dep ∝ t dyn ∝ (1 + z) −3/2 (see arguments in Davé et al. 2011; Krumholz & Burkhart 2016) . This predicts significantly more evolution than in observations. Similarly, Lagos et al. (2015) predict a very steep evolution to the depletion time. We interpret this to imply that internal processes, such as the regulation of star formation via feedback, are therefore a dominant factor in determining the evolution of the depletion time over the past ∼10 billion years.
Implications of Σ SFR − P correlation
We find that in our data set Σ SFR and the mid-plane pressure of galaxies have a very tight correlation across almost 6 orders-of-magnitude in pressure using two different formulations of mid-plane pressure (Fig. 4) . These correlations are found to be sub-linear with Σ SFR ∝ P 0.77 . Our measurements are therefore not as steep as theories that predict Σ SFR ∝ P (Ostriker et al. 2010; Kim et al. 2011 ).
There appears to be three possibilities to reconcile our observations with the theoretical predictions: (1) The relationship between SFR surface density and pressure is sub-linear; (2) the feedback momentum injected into the ISM per unit new stars formed (p * /m * ) changes as a function of the local ISM properties; and/or (3) alternate mechanisms could drive turbulence and provide support against gravitational pressure.
From our data alone we cannot uniquely distinguish between these scenarios. We will consider these options below. We note to the reader that there is also the possibility that each of these options are contributing to the offsets we observe.
5.2.1. Is ΣSFR versus P truly non-linear? Benincasa et al. (2016) simulate feedback regulated star formation, and qualitatively report a sub-linear relationship between Σ SFR and pressure. They argue that feedback affects the scale-height of the disk non-linearly, which affects the pressure and gives rise to this sub-linearity. Benincasa et al. (2016) do not estimate an actual value to the power-law. So we cannot quantitatively determine if this effect matches our data. If so then one could assume that the normalization in our Equation 6 can be used to estimate the feedback momentum, p * /m * ≈ 2700 km s −1 . This is similar to the commonly adopted value. Quantitative analysis of the Σ SFR − P relationship in 3-D simulations would therefore be informative.
Observational affects could possibly contribute to a nonlinearity as well between Σ SFR and P. Narayanan et al. (2012) argue from simulations that the CO-to-H 2 conversion factor may be lower in regions of higher molecular gas surface density. We note over the range of normal spirals empirical studies of the CO-to-H 2 conversion factor do not find significant variation with gas mass surface density (Sandstrom et al. 2013) . Bolatto et al. (2013) argues that the baryonic surface density could decrease α CO , but this would only be at the ∼50% level. It would not fully reconcile our most extreme observations in Figs. 4 with the theoretical prediction. Moreover, global studies of z = 1 − 2 main-sequence galaxies find that the standard Milky Way conversion factor is consistent with dust mass estimates (Genzel et al. 2015; Tacconi et al. 2017) . White et al. (2017) find similar results with DY-NAMO galaxies.
Does p * /m * vary from local spirals to high pressure turbulent disks?
In theoretical predictions the scale-factor in the relationship between pressure and SFR surface density is directly proportional to the momentum feedback per stellar mass, p * /m * . In the case that feedback is generated by supernova this quantity, p * /m * , represents the momentum injected into the ISM from supernova per unit stellar mass of new stars formed. It is therefore a critical parameter in models of feedback regulated star formation. Most theories of feedback regulated star formation use an adopted or calculated value of p * /m * ∼ 3000 km s −1 (e.g. Ostriker & Shetty 2011; Shetty & Ostriker 2012; Faucher-Giguère et al. 2013; Kim et al. 2017 ). The dashed line in Fig. 4 is set to represent the theoretical prediction.
The non-linearity in Fig. 4 could be driven by changing values of p * /m * across the range of pressures. If this is the case, our data would be consistent with local spirals, such as THINGS galaxies, having values of p * /m * that are roughly consistent with theoretical predictions, but higher pressure systems have significantly higher values of momentum injection.
We also derive similarly high values of p * /m * in DY-NAMO galaxies from the t dep − σ correlation in Fig. 2 , which at face value provides a semi-independent line of evidence that p * /m * is changing. Krumholz & Burkhart (2016) ; Krumholz et al. (2017) has likewise noted that feedback-only models of the ISM have trouble reproducing the large velocity dispersions observed in z ∼ 2 turbulent disk galaxies.
The universality of p * /m * is currently under some debate. Some recent simulations suggest that clustering of supernovae could increase the momentum input per star formation by factors of ∼10× (Gentry et al. 2017) . Conversely, Kim et al. (2017) find that the injected momentum per mass of star formation would not be significantly higher in environments with higher number density of supernovae. More recent simulations from Gentry et al. (2018) that model feedback in a 3D, magnetized medium argue that previous results may be due to numerical effects.
We note that in the highest pressure systems p * /m * = 4P/Σ SFR ≈ 10 5 km s −1 , which is higher than even the most extreme predictions (Gentry et al. 2017 ). This may indicate that varying p * /m * alone is not able account for the discrepancy with our data. Resolved observations of Σ SFR and P in galaxies like DYNAMO would be useful to further understand the range of values of P/Σ SFR .
5.2.3.
Are alternate sources of pressure support important in gas rich disks?
The models we consider above assume that feedback is primarily driven by supernova. Physical models that include higher amounts or radiation feedback, for example larger rates of momentum injection due to the inclusion of radiation pressure, photoionization and winds (e.g. Hopkins et al. 2011; Murray et al. 2011; Hopkins et al. 2014 ) are able to generate larger velocity dispersions than those that assume feedback is dominated by supernova, such as Ostriker & Shetty (2011) . This too remains under debate; high-resolution, detailed simulations of molecular clouds (Kim et al. 2018) suggest that the contribution that radiation feedback makes to p * /m * would be quite small (10 1 − 10 2 km s −1 ) compared to supernovae. Moreover, radiation feedback is found to be even less important in high surface density molecular clouds, which the DYNAMO galaxies would likely contain.
Recently, Krumholz et al. (2017) present a model in which pressure support comes from both mass transport and feedback. Similar to Krumholz & Burkhart (2016) , they predict a linear relationship between σ and SFR that matches data, including DYNAMO galaxies, with significant scatter. It is possible that in galaxies with higher gas mass surface densities, and hence higher pressures, mass transport plays a more important role. It seems plausible that those galaxies with larger gas fractions would have both more available gas and likely experiencing more active accretion, which could drive more turbulence. However, it is not clear how the relationship between t dep and σ would in general be affected by such sources of pressure support. In the specific case that energy lost due to turbulent dissipation is equal to energy injected for supernovae Krumholz et al. (2017) find, similar to Ostriker et al. (2010) , that t dep ∝ σ −1 , which is consistent with our main result in Fig. 2 Overall our results show qualitative agreement with a number of predictions in feedback regulated star formation models (e.g. Ostriker & Shetty 2011) . These include: (1) an inverse correlation between molecular gas depletion time and gas velocity dispersion; (2) a strong, positive correlation between SFR surface density and hydrostatic mid-plane pressure (as well as dynamical equilibrium pressure); and (3) the contribution of stars to the pressure dominates over the gas, even in very gas rich ( f gas > 50%) galaxies.
We, however, find significant differences in the quantitative details of both the t dep − σ correlation and the Σ SFR versus pressure correlations. From our data alone we cannot determine if these correlations imply that (a) the true correlation between Σ SFR and pressure is non-linear or (b) the momentum injected into the ISM by star formation feedback (p * /m * ) varies from low values in local spirals to very efficient values in high-z turbulent disks. Moreover, higher spatial resolution observations of molecular gas would help reduce the uncertainty on pressure. There is evidence from simulations that one or possibly both of these options may be contributing to the discrepancies between our observations and theory.
We have also shown that the predictions of feedback regulated star formation, if modified to scale similar to DYNAMO galaxies, is able to account for the cosmic evolution of molecular gas depletion time. Going forward comprehensive studies of both kinematics and gas mass will be useful for determining how relationships like that in Fig. 2 hold in highredshift galaxies. For example, at a given redshift does one see both an increase in σ and decrease in t dep in the same way as galaxies extend above the main-sequence. We cannot test this with DYNAMO. Of course high-quality data that can robustly control for galaxy morphology, etc., is presently difficult to obtain. Also we note in closing that more exotic possibilities such as a top-heavy IMF in high Σ SFR environment (e.g. Nanayakkara et al. 2017 ) could reduce SFR and thus flatten out the redshift evolution of t dep ; more work to investigate this possibility could be informative. Finally, as stated above, maps of gas in turbulent disk galaxies will be crucial to determine how pressure may be impacting the properties of massive star forming clusters (as described in Elmegreen & Efremov 1997 Table 3 we list the observation parameters and derived fluxes for CO(1-0) observations of DYNAMO galaxies. The observations were carried out in three separate campaigns with the Plateu de Buré Interferometer, also called NOEMA. All observations were made with the WIDEX system. Each observing campaign had similar sensitivity goals of ∼1.5 mJy in 50 km s −1 channels. Of the CO measurements used in this paper 8 have been published in previous work White et al. 2017) . Details of those corresponding observations are also outlined in those papers. Spectra of new observations are shown in Fig. 6 . Similar spectra for previously published observations are given in the respective publications. For each new observations we plot the flux density in mJy against the velocity in km s −1 . The redshifted CO(1-0) transition is centered at the velocity of 0 km s −1 . All fluxes are determined by binning the spectra into 50 km s −1 channels, as described in the methods section.
B. ESTIMATION OF PHYSICAL PARAMETERS FOR MEASUREMENT OF PRESSURE B.1. Galaxy Sizes
The size of the star light is measured from the continuum observations corresponding to each emission line measurement. Similarly the sizes used to calculate the SFR surface density is measured from the resolved emission line maps for each target. For THINGS galaxies Leroy et al. (2008) measures the sizes in stars, SFR and molecular gas, and for those targets we use the corresponding measurement to directly measure the associated surface brightness. Our observations of CO(1-0) in most DYNAMO targets are unresolved source detections, with a handful that are marginally resolved, in which R disk is only slightly larger than the beam size. To calculate the total mid-plane pressure for DYNAMO galaxies we, therefore, must make an assumption on the sizes of the molecular gas. SDSS 212912-0734 = . ± . Jy kms s Figure 6 . The above spectra represent data for new NOEMA observations used in this work. Each spectrum is centered on the red-shifted CO(1-0) emission line. All flux densities are measured using a binning of 50 km s −1 .
A straightforward method to estimate the molecular gas disk is to assume that the half-light radius of the ionized gas is roughly equivalent as that of the molecular gas. In the local Universe the surface brightness profiles of gas in disk galaxies have been shown to be well behaved with a regular, exponential decay (Bigiel & Blitz 2012) . In the THINGS sample Leroy et al. (2008) finds that the average ratio of CO-to-SFR scale-lengths is < l CO /l SFR = 1.0 ± 0.2. Assuming that the distribution of ionized gas is a good proxy for the distribution of the star formation, the assumption that R 1/2 (CO) ≈ R 1/2 (Hα) would be well justified in similar galaxies.
Due to the difficulties of such observations there is considerably less work comparing the distribution of molecular gas to the distribution of stars, or star formation in turbulent disks. Hodge et al. (2015) measure the the size of gas, CO(2-1), and star formation, 880 µm, in a rare double-lensed system at z ∼ 4 with ∼ 1 kpc resolution, finding that the respective physical size of the disk is 14 kpc in CO and ∼10 kpc in star formation. Bolatto et al. (2015) studies high-resolution maps of CO(1-0) and CO(3-2) in two z ∼ 2 targets, finding that the CO gas in these targets R 1/2 (CO) − R 1/2 (optical) ≈1 kpc. Similarly, the sample of Tacconi et al. (2013) , which has considerably lower spatial resolution, nonetheless shows that on average R 1/2 (CO)/R 1/2 (optical) ≈ 1 with standard deviation of 0.5. Dessauges-Zavadsky et al. (2015) map CO(2-1) in a sample of strongly lensed galaxies at z ∼ 2 and find R 1/2 (CO) ∼ 1 − 4 kpc, which is similar to our estimates from Hα. We note that more extreme differences have been observed, however those targets are typically found to have multiple velocity components indicating they are likely ongoing mergers (e.g. Spilker et al. 2016) . Overall, we the observations of main-sequence galaxies at z > 1 seem to suggest that the uncertainty on our estimation of R 1/2 (CO) ≈ R 1/2 (Hα) would be at the ∼20-50% level. Increasing the size of the molecular gas disk by 50% (i.e. R = 1.5 R 1/2 (Hα)) would decrease our measured pressures by a factor of 2 − 3× in DYNAMO galaxies.
For our unresolved observations we can use the measured beam size as an estimate of the "largest possible size" for the molecular gas disk in DYNAMO galaxies, which will then correspond to a lowest possible pressure. For the 5 galaxies in which the beam is slightly smaller than R disk we use the radius at which the flux from the galaxy is equivalent to the noise. The median for DYNAMO galaxies the circularized largest possible CO disk radius is ∼ 1.6 times larger than the corresponding R disk measured from the ionized gas. This corresponds to a decrease in the measured mid-plane pressure by a factor of 3-4.
The THINGS observations suggest that for normal spirals, low pressure disks, assuming the molecular gas and star formation have similar disk sizes is a safe approximations. Observations of higher redshift sources suggest this is roughly a safe assumption, though molecular disks in these higher pressure systems may be slightly larger. We opt for the simple assumption that R disk (CO) ≈ R disk (ion), as this is consistent with the data and allows us to make a single correction for low and high pressure systems. We then use the maximum observed CO(1-0) size for each target as the lower bound error on pressure that is introduced from the CO observations. This uncertainty will be added in quadrature with other uncertainties to determine the lower-limit of pressure for each target.
